ABSTRACT
INTRODUCTION
Protein sequence comparison is now an indispensable tool for a wide spectrum of biological studies including genome annotation and protein structure prediction. Protein sequences with a significant similarity are expected to be homologous, hence they are also expected to share a common (approximate) three-dimensional structure and similar functions. When multiple sequences from a family of proteins are available, it is also possible to infer functionally important amino acid residues by constructing a multiple sequence alignment and by identifying conserved regions in the sequences. The basic assumption in such approaches is that functionally important residues are well conserved and functionally less important residues are liable to frequent substitutions (Kimura, 1983) . * To whom correspondence should be addressed.
Recent technological advances in protein sequence comparison methods (Altschul et al., 1997; Eddy, 1996) have made it possible to detect and align very distantly related protein sequences.
However, comparison of distantly related proteins poses difficult problems regarding their structural and functional implications since they have diverged to the extent that little is conserved in the sequences and hence structural and/or functional similarities are often blurred. In such cases, the implication of the sequence similarity must be carefully examined. When protein sequences are similar, what properties of the amino acid residues are actually conserved? The answer to this question in general depends on the protein family under investigation. However, if there is a general trend in the pattern of sequence conservation, such knowledge will greatly help our understanding and interpretation of protein sequence analysis.
In order to understand the meaning of sequence conservation in general, we investigate the mode of amino acid substitutions as a function of the level of homology (percentage sequence identity, %ID). The tendency of amino acid substitutions can be expressed in terms of amino acid substitution matrices, which are widely used as score tables in sequence comparison methods. In the following, we construct such matrices by counting substitution statistics in a database of structure-based alignments of homologous proteins, and then analyze those matrices using the method of eigenvalue decomposition. Since the eigenvalue decomposition yields (linearly) independent components (eigenvectors) together with their weights (eigenvalues), we can examine important components and compare them as a function of %ID.
MATERIALS AND METHODS
We collected amino acid substitution statistics from the Homstrad database (Mizuguchi et al., 1998) of structurebased alignments of homologous proteins (December 1, 2003 version) , discarding those alignments with less than 100 aligned residues. Out of 6446 aligned homologous protein pairs in total, about 1.5 × 10 5 aligned residue pairs on average were used for each substitution matrix (see Table 1 for details). Following the procedure of the BLOSUM substitution matrices (Henikoff and Henikoff, 1992) , except that all the aligned residues were used rather than only conserved blocks, we constructed log-odds amino acid substitution matrices M (85) for 18 different levels of sequence homology. The notation M (x) signifies that this matrix is derived from the alignments with sequence identity ≥x% and <(x + 10)%. We herein call the matrix M (x) 'x%ID matrix'. We did not apply the clustering procedure to homologous proteins since each matrix is derived from proteins in a particular %ID range. Also, each family was not weighted according to the number of proteins it contained, but doing so did not affect the main conclusion (data not shown). Similar log-odds substitution matrices based on structure alignments have been derived by others (Johnson and Overington, 1993; Blake and Cohen, 2001) . 3 ) of substitution matrices as functions of sequence identity used for their derivations. (b) Order parameters as functions of sequence identity. An order parameter is defined by the absolute value of the dot product between the αth eigenvector of the x% matrix and the βth eigenvector of the y% matrix: |V 
RESULTS

Decomposition of substitution matrices
In the following, typically the first three eigenvalues contribute ∼50% to the total eigenvalues, and 90% contributions are made from the first 10-12 eigenvalues. By plotting the eigenvalues of substitution matrices as functions of sequence identity (Fig. 1a) , we see that the first eigenvalues are negative above 35%ID and positive below 30%ID. The first eigenvalues below 30%ID appear to be continuously connected with the second eigenvalues above 35%ID. This suggests that the most dominant feature (the first eigenvalue component) embedded in substitution matrices experiences some sort of transition at ∼30-35% sequence identity.
To clarify the relationship between the first eigenvectors, we plotted order parameters which measure a similarity between two eigenvectors (Fig. 1b) . Surprisingly, the first eigenvector of the 80%ID matrix is almost completely preserved (order parameter ≈ 1) over the range of 35-85%ID, whereas it is almost completely orthogonal (order parameter ≈ 0) to the first eigenvectors below 30%ID. Instead, the first eigenvectors for ≤30%ID matrices exhibit strong and weak similarities to the second and third eigenvectors for ≥35%ID, respectively. In other words, an exchange and mixing between the first and second (and third) eigenvectors occur at ∼30-35%ID.
It should be noted that the transition observed in Figure 1 is not a consequence of some artifacts such as sparse datasets: the difference in the amount of data used to derive the 30 and 35%ID matrices is insignificant (Table 1) .
First eigenvectors of high %ID matrices are related to mutabilities
To infer the physicochemical and/or biological meaning of the first eigenvectors, we scanned the AAindex database (Tomii and Kanehisa, 1996) which compiles various numerical indices associated with amino acids. The first eigenvectors of 35-85%ID matrices showed the highest correlation with 'relative mutability' (Fig. 2a) with the correlation coefficient (denoted C hereafter) ≈ −0.7(P < 0.0002). Relative mutabilities are empirically defined quantities derived from sequence alignments of closely related, highly homologous proteins (Dayhoff et al., 1978; Jones et al., 1992) . They are interpreted as the propensity of each amino acid to mutate to other amino acids than itself during evolution. Since the relative mutabilities cannot be explained in terms of any simple physicochemical properties (Tomii and Kanehisa, 1996) , some intrinsic characteristics of protein evolution, such as general trends of composite functional/structural constraints, are expected to be embedded in their values. We have also applied eigenvalue decomposition to the BLOSUM80 matrix (Henikoff and Henikoff, 1992) and found that its first eigenvector was also most highly correlated with the relative mutabilities (C = −0.68, P < 0.0005) as well as with the first eigenvector of 80%ID matrix in this study (C = 0.68, order parameter = 0.99). This suggests a universal role of mutabilities in identification of close homologs.
Note that the signs of the components of the first eigenvector of the 80%ID matrix are all the same (positive in Fig. 2a ). This is true for all the matrices from 35 to 85%ID (Fig. 1b) . Since the first eigenvalues in this region are all negative (Fig. 1a) , it follows that the contributions of this eigenvector to the substitution matrix, λ
j ,1 (35 ≤ x ≤ 85), are also all negative, and they are positively correlated with the product of relative mutabilities of amino acids i and j . Therefore, the most dominant components of high %ID matrices act to penalize substitutions, and the penalty is more stringent on amino acid pairs of low mutabilities. Since most other eigenvalues are positive and corresponding eigenvectors involve both positive and negative components, the substitution matrix as a whole contains positive diagonal and may contain both positive and negative off-diagonal elements. The primary role of the first eigenvector of a high %ID matrix is to make favorable substitutions less favorable, and unfavorable substitutions more unfavorable.
First eigenvectors of low %ID matrices are related to hydrophobicities
On the other hand, the first eigenvectors of low %ID matrices are significantly correlated with hydrophobicity scales (C > 0.9, Fig. 2b ). For low %ID matrices, the most dominant component favors substitutions between amino acids of similar hydrophobic preference. This tendency for low %ID matrices has been pointed out by others (Kidera et al., 1985; Benner et al., 1994; Tomii and Kanehisa, 1996) . As indicated by the behavior of the order parameter |V Figure 1b , the second eigenvectors of high %ID matrices are highly correlated with the first eigenvectors of low %ID matrices, and hence with the hydrophobicity scale. However, their contribution to the corresponding matrices is not as significant as in the lower %ID matrices. Although the third eigenvectors did not show any consistent tendency over different %IDs, each of them was highly correlated with a particular physicochemical quantity such as the secondary structure propensities or physical volumes of amino acids with correlation coefficients of 0.59 ∼ 0.82 (with P = 0.006 ∼ 9.6 −6 ).
DISCUSSION
The transition point of the mode of amino acid substitutions at ∼30-35%ID coincides with the so-called 'twilight zone' of sequence homology (Doolittle, 1986) . The twilight zone is an operationally defined limit of applicability of conventional sequence comparison methods. From the above analysis, it is clear that the cease of dominance of amino acids' mutabilities in the substitution matrices, and hence in the mode of sequence conservation in general, is associated with the twilight zone. The fact that the mutabilities or composite functional/structural constraints play the most important role in the >35%ID region indicates some evolutionary pressures are in effect, and any substitutions are positively disfavored due to the negative eigenvalues. In contrast, below 30%ID, such evolutionary constraints are not dominant any more, and substitutions between residues of similar hydrophobic (and possibly other physicochemical) properties are highly neutral or may be even positively favored due to the positive eigenvalues. However, the 'hydrophobic in, hydrophilic out' rule applies to any soluble, globular proteins. Therefore, it is difficult to discriminate homologous relationships based on the hydrophobicity measure alone. At the same time, it is also implied that below the twilight zone, proteins can diverge far beyond their original evolutionary constraints, as long as they preserve general patterns of physicochemical properties along the sequence. In an evolutionary perspective, the transition seems to offer an opportunity for proteins to acquire great diversity and new functions.
Apart from the evolutionary aspect, it is also implied that inference of proteins' function based on sequence similarity may be of limited applicability. We suspect that the transition of the information contained in the substitution matrices, hence in the mode of sequence conservation among homologous proteins, is the reason for the failure of conventional sequence comparison methods below the twilight zone.
However, this conclusion does not mean that the basic comparison scheme of conventional methods is unable to succeed below the twilight zone. In fact, the profile methods based on multiple sequence alignments (Gribskov et al., 1987; Altschul et al., 1997) as well as substitution matrices specifically targeted at distant homologies (Johnson and Overington, 1993; Kann et al., 2000; Blake and Cohen, 2001; Qian and Goldstein, 2002) keep classical methods yet effective. The success of the profile methods (Gribskov et al., 1987; Altschul et al., 1997) [and other similar, but more advanced, methods (Eddy, 1996) ] is expected because such methods do not take into account the general mode of sequence conservation over many protein families, but each profile is specialized to a particular family so that more detailed, family-specific information can be exploited.
It is interesting that one of the optimized substitution matrices (Qian and Goldstein, 2002) contains off-diagonal elements that are of larger positive values than corresponding diagonal elements [(Ile,Val) = 4.5 > (Val,Val) = 4. 2, etc.] . This is an indication that substitutions between physicochemically similar residues are indeed positively favored. Thus, more precisely, what breaks down below the twilight zone is the probability model of protein evolution underlying substitution matrices. Currently, most substitution matrices are based on the log-odds transformation of observed amino acid substitutions (Altschul, 1991) . This scheme has been proved to be effective enough for pair-wise alignments of homologous proteins with >35%ID, but it becomes unreliable with <20%ID even though it is based on structural information (Johnson and Overington, 1993) . For more distantly related homologous proteins, further optimization schemes, such as maximizing discrimination scores (Kann et al., 2000) or minimizing structural deviations (Qian and Goldstein, 2002) , seem necessary. But evolutionary implications of such methods are not yet clear. Further analysis on the probabilistic mechanism underlying the transition in the mode of amino acid substitutions may reveal the evolutionary dynamics of protein families and genomes.
